Background: Immobilized lipase mediated tranesterification process for new feed stock Simarouba glauca oil for biodiesel production has been developed by utilizing the greener aspects of immobilized biocatalyst in n-hexane solvent system. The presence of solvent system helps to overcome the negative effects of methanol and glycerol, the end product. Effect of methanol to oil ratio, reaction time, methanol to hexane ratio, reaction temperature, agitation speed and immobilized lipase on final molar conversion were investigated. Results: A maximum yield of 91.5 % fatty acid methyl esters with a 62.23 % molar conversion with respect to methyl oleate has been achieved with oil: methanol molar ratio of 1:1, using 10 U of immobilized lipase/g of oil and with methanol to oil ratio of 1:0.6 in a reaction time of 36 h at 34°C and 200 rpm. Immobilized lipase has been reused successfully up to 6 recycles with retaining relative activity of more than 95 %. Conclusion: Lipase mediated tranesterification of new feedstock Simarouba glauca oil for biodiesel production has been successfully carried out under n-hexane solvent system. Utilization of immobilized lipase, which facilitates reuse helps considerably for the economy of the process. The introduced new feedstock with a green tinge seems to be a very promising to the biofuel sector for biodiesel production through sustainable approach.
Background
Escalating oil prices and depletion of oil reserves necessitate better alternatives of energy from fossil fuels. With the rise in concern for pollution caused by fossil fuels such as petroleum, coal and natural gas, alternative fuels and renewable sources of energy such as biodiesel are coming in vogue [1] . Renewable fuels such as biodiesel is one of the potential contributors for solving the energy problem. Biodiesel is a biodegradable, non-toxic, and a low air pollutant emitting fuel than the petroleum diesel [2] . Biodiesel, which consists of fatty acid esters derived from oils of plant origin such as pongamia, mahwa, waste oils. Simarouba glauca (simaroubaceae) is an oil yielding tree native to South and Central American countries such as Costa Rica, El Salvador and brought to India by National Bureau of Plant Genetic Resources (NBPGR) and cultivating mainly in sub-humid climate of Orissa and semi arid, dry, saline land areas of other Indian states like Gujarat, Maharashtra, Tamilnadu, Karnataka and Andhra Pradesh. The oil produced by each Simarouba tree accounts per 1-2 t oil per year grown under wide range of temperatures (10-45°C) [3] . Owing to its 50-65 % oil content from seed part along with good amount of unsaturated fatty acid content (59-65 %, oleic acid) we have made an attempt to transesterify this Simarouba oil to biodiesel through biological green approach of immobilized lipase mediated transesterification [4] . It has a iodine value (IV) of 50-54 % and saponification value of 191 with oleic acid as a predominant fatty acid [5] . IV provides a measure of unsaturated fatty acid content and helpful in determination of viscosity and cloud point. The recent research finding indicates that the IV has no role in prediction of oxidative stability (as it does not take into account the positions of the double bonds available for oxidation) [6] . Having low IV values of Simarouba oil and that also in the range of standard specifications [EN14214 (≤120) and DIN 51606 (≤115))] corresponds for possible high cetane number, reduced NOx emissions and degradation potential of formed fatty acid methyl esters (FAME's) seems to be a better source for biodiesel through lipase mediated transesterification [7] . The usage of plant based oils clogs diesel engines due to their high viscosity. Among the existing methods (physical, chemical and biological), immobilized lipase mediated methanolysis of plant oils through transesterification has proven the most significant step towards making FAME's (biodiesel) due to the low cost of methanol, ecofriendly reaction conditions and the chemo-, regio-and enantiospecific nature of lipase [8] . Immobilized lipase mediated methanolysis involves lyses of plant oils into methyl esters and glycerol in presence of immobilized lipases [9] .
Lipase-catalyzed transesterification of oils to FAME's gives a very high-purity product that can be easily separated from glycerol. The immobilized lipase can also be reused for multiple reactions and able to tolerate enzyme inhibitory effect of methanol and glycerol [10] . In particular, the glycerol can be easily removed without any complex process, while the free fatty acids contained in waste oils and fats can be completely converted to alkyl esters [11] . Transesterification variables such as methanol to oil ratio, reaction time, amount of solvent, temperature, addition of water, agitation, amount of immobilized enzyme are the critical factors affecting the FAME´s yield [12] . The role of transesterification variables such as molar ratio of alcohol, temperature, type of catalyst on the final yield of transesrification has been reported in case of different plant based oils [13] . Several researchers reported the efficacy of covalently immobilized lipases in transesterification of different plant based oils and different aspects of the processes have been tested time and again. In another instance, free and covalently bound lipases were used for the alcoholysis of salicornia oil and obtained a methyl ester yield of 45 % and 55 % after 12 h with free and immobilized lipases respectively [14] . Dossat et al., 2002 [15] have studied the enzyme catalyzed transesterification of sunflower oil using immobilized Lipozyme. The optimal yield, as determined by methyl esters was 60 % with respective to oleic acid. In another study, Du et al., 2004 [16] employed Novozyme 435 for the transesterification of crude soyabean oil and achieved a methyl ester yield of 94 % in 120 h.
Owing to its high content of oleic acid, in our present study Simarouba glauca oil have been evaluated first time for its feasibility as a biodiesel through immobilized lipase catalyzed transesterification reaction using n-hexane as a solvent. Based on the previous studies documentation towards high cost for utilization of pure lipase and its immobilization, in the present attempt a fungal lipase produced through cost effective solid state fermentation has been utilized and has been covalently immobilized on celite for its efficient utilization in the transesterification reaction.
Results and discussion

Effect of methanol to oil ratio on transesterification
Molar ratio of alcohol to vegetable oil is one of the important factors that affect the process conversion efficiency and the production cost of biodiesel. The transesterification reaction was carried out at different molar ratios as shown in Figure 1 . The level of substrate molar ratio was selected by varying the methanol to oil ratio of 1:1-1:10 M. The maximum conversion efficiency has been achieved with the molar ratio of 1:1 ( Figure 1 ). Further increase in the methanol to oil ratio resulted in a decrease in the formation of esters. This may be due to the inhibitory effect of methanol on lipase activity [17, 18] . Li et al., 2006 [19] also reported the negative effect of higher methanol to oil molar ratio on methyl esters conversion. They achieved 95 % yield of methyl esters of rape seed oil with methanol/oil molar ratio of 4:1 in 12 h. In another study by Royon et al., 2007 [20] , a maximum yield of 97 % methyl esters was achieved in transesterification of cottonseed oil using 13.5 % methanol and 54 % oil in 24 h at 50°C. The effect of methanol to oil ratio on the yield of methyl esters was reported by several researchers including immobilized lipase mediated methanolysis of soybean oil [21, 22] , jatropha oil [23] and canola oil [24] . In case of immobilized C. antarctica lipase mediated tranesterification of vegetable oil, a maximum conversion (95 %) was achieved with a methanol/oil molar ratio of 3:1 [25] .
Effect of reaction time on transesterification
The effect of reaction time on the transesterification was investigated by varying the reaction time from 20-100 h and has been shown in Figure 2 . Results show that the rate of methanolysis was optimum at 36 h for Simarouba oil. After attainment of optimal reaction time, the lipase activity has been reported to be inhibited by methanol and glycerol [26] . Similar results were obtained in case of rapeseed and cottonseed oils transesterification, where the enhancement of methyl esters conversion was less after 12 h and 24 h respectively [19, 20] . A maximum methyl esters conversion of 95 % within 48 h by employing immobilized C. antarcitica lipase has been reported in methanolysis of vegetable oil [25] .
Effect of volume of solvent on transesterification
Various amounts of hexane were added to the reaction system to study its effect on the ester formation ( Figure 3) . Different volume ratios (1:0.2-1:1 v/v) of alcohol to hexane were tested. The results show that reaction rate was higher when methanol to hexane volume ratio was 1:0.6 for Simarouba. For further increase in n-hexane concentration no increment in biodiesel synthesis was observed. The presence of n-hexane in specified amounts may have improved the solubility of methanol in the reaction mixture, so lipase still maintained high activity even with methanol present in the system (by addition of first methanol to oil and then the resultant solution to hexane). When the amount of n-hexane was enhanced further, the yield of methyl esters decreased gradually. This might have caused by the dilution effect of too much reactants present in the system [27] . Similar phenomenon was observed in case of lipase-catalyzed transesterification of high oleic sunflower oil and degummed soybean oil to biodiesel fuel [15, 28] 
Effect of reaction temperature on tranesterification
The increase in temperature speeds up the reaction rate upto certain extent after that the denaturation of the enzyme takes place due to the proteineous nature of the enzyme [29] . The effect of reaction temperature on transesterifcation was examined over the temperature range of 28-44°C (Figure 4) . The maximal molar conversion was achieved with the reaction temperature of 34°C for Simarouba oil. The decrease in molar conversion after certain temperature could be attributed to the loss of activity through denaturation [30] . Denaturation of enzyme after certain temperature has been reported by several authors in transesterification of various oils. 
Effect of initial addition of water on transesterification
The effect of initial addition of water on the transesterification reaction was investigated by varying the addition of water from 5-20 % (v/v) of the total amount of reaction mixture ( Figure 5 ). With the addition of water, the molar conversion has been reduced in case of all oils. It was observed that the molar conversion was optimum when there was no additional water in the reaction mixture. In some enzymatic reactions, water is needed for acquisition and maintenance of enzymes' catalytically active conformation in anhydrous organic solvents. In the mean time, too much of water facilitates enzyme aggregation which leads to decrease in enzyme activity [34] . According to Klibanov, 1997 [35] , the amount of water in the reaction mixture will determine the direction of lipase-catalyzed reaction. When there is little or no water, only esterification and transesterification are favored and when there is excess water in the reaction mixture, hydrolysis is the favored reaction when there is [35, 36] . In the present study, maximum molar conversion has been observed without any added water in the reaction mixture irrespective of oils used. Similar results were reported in case of soyabean oil and triolein transesterification catalyzed by Mucor miehei and P. fluorescens lipases [29, 37] .
Effect of agitation speed on tranesterification
In the present study effect of agitation speed on the transeserification was studied in the range of 100-250 rpm ( Figure 6 ). The molar conversion has been found to increase with the increased agitation speed from 100-200 rpm with the optimum at 200 rpm. However, no further increase in molar conversion was observed at 250 rpm, which might be due to shearing of enzyme molecules. Thus, the optimum speed for transesterification reaction was found to be 200 rpm. Agitation helps in the immobilized system to diffuse the reactants from the bulk liquid to the external surface of the particle and from there into the interior pores of the catalyst. Selection of optimum speed of agitation plays an important role in case of external mass transfer limitations [38] .
Effect of immobilized enzyme amount on tranesesterification
The amount of enzyme used is a crucial economic factor for successful industrial application. Therefore, the effect of amount of enzyme on transesterification of oils was examined with the various amount of enzyme range from 2-15 U. The optimum molar conversion has been obtained using 10 U for Simarouba oil (Figure 7) . Moreover, the optimal molar conversion of 62.23 % has been observed with respective to methyl oleate with 95 % yield for Simarouba oil. A previous study by Ghamgui et al. 2004 [39] , demonstrated that the yield of butyl esters increased to maximum by using 60 U of Rhizopus oryzae lipase. Thereafter, the molar conversion remained almost constant with increase in lipase amount beyond 60 U. The maximum methyl ester yield was reported by Kose et al., 2002 with the 30 % Novozyme based on oil weight in transesterification of cottonseed oil [31] . Similar results were reported in case of methanolysis of rice bran oil using Cryptopcoccus sp. S-2 lipase [40] .
Reusability of immobilized lipase
The main advantage of immobilization of an enzyme is that an expensive enzyme can be repeatedly used. However, it was observed that reaction behavior changes when an immobilized enzyme is used repeatedly. The immobilized lipase was filtered at the end of the reaction, washed with t-butanol and again introduced with fresh reactants in order to study its operational stability in each cycle. The immobilized enzyme has been reused upto 6 recycles for simarouba with retaining the relative activity more than 95 % (Figure 8 ). The immobilized enzyme facilitates the reusability of the enzyme by employing in various cycles, thereby reducing the purification cost of the methyl esters and enzyme cost [26] . Pig pancreatic lipase immobilized on sepiolite showed a remarkable reusability of more than 11 successive runs without significant loss of enzyme activity [41] . In another study, Novozyme 435 maintained its activity over twelve repeated cycles with ethyl acetate but its activity reached zero by sixth cycle while using methanol as the alcohol [33] . P. cepacia lipase immobilized on celite maintained its activity up to 4 cycles in tranesterification of Jatropha oil [32] . In the present work, the methanolysis of Simarouba oil has been successfully carried out through immobilized lipase mediated transesterification. Further research and development on determination of fuel properties, engine performance tests and emitting profiles are also necessary.
Experimental
Microorganism and chemicals
A well known lipolytic fungal strain Rhizopus oryzae 3562 was isolated from the local soil of IIT Kharagpur and maintained on PDA (Potato Dextrose Agar) medium. p-nitrophenyl pamitate (p-NPP), Methyl oleate standard were purchased from Sigma (USA). All chemicals used were of AR grade and were procured from Merck, Qualigens and Himedia, India.
Production, immobilization of lipase
Lipase was produced using wheat bran as a substrate through solid state fermentation as mentioned in our previous work [42] . Lipase immobilized on activated celite (50 U/g, data was not shown) through covalent immobilization was utilized for the present tranesterification reaction.
Lipase assay and protein determination
Lipase assay was done spectrophotometrically using p-NPP as the substrate. One unit (U) of enzyme is defined as the amount of enzyme that liberates one micromole of p-nitrophenol per minute under the assay conditions. Total protein was estimated using bovine serum albumin (BSA) as standard as described by Lowry et al. 1951 [43] .
Lipase mediated synthesis FAME's Simarouba glauca oil, methanol and solvent were taken in different ratios (oil to methanol molar ratios of 1:1-1:10 and methanol to solvent ratio's of 1:2 -1:10 v/v) in a screw-capped vial. Immobilized lipase (20-100 U) was added to the reaction mixture and incubated at different temperatures (25-45°C) and shaking rates (100-300 rpm). The progress of reaction was monitored by withdrawing aliquots (100 μl) at various time intervals (12-96 h). Samples taken from the reaction mixture at specified times were centrifuged at 1747 g for 10 min to remove the immobilized enzyme. They were then diluted with n-hexane (10 times) and analyzed by gas chromatography.
GC analysis
Methyl esters were analyzed by using Agilent 6820 Gas Chromatograph with a flame-ionization detector (USA). The capillary column (length 30 m, internal diameter 0.25 mm) with nitrogen as the carrier gas at a constant pressure of 4 kg cm 2 was used. Column oven temperature was programmed from 150 to 250°C (at 10°C min -1 ) with injector and detector temperatures at 240 and 250°C, respectively. The % molar conversion of products was identified by comparing the peak area of standard methyl oleate at the particular retention time.
Conclusions
Methanolysis of Simarouba oil with lipase immobilized covalently on celite to yield FAME's (biodiesel) through transesterification has been investigated. The effect of transesterification variables such as methanol to oil ratio, reaction time, volume of solvent, reaction temperature, initial addition of water, agitation speed and quantity of immobilized lipase on molar conversion (%) was monitored. A maximum molar conversion of 62.23 % with respect to methyl oleate (with 91.5 % yield) was obtained after a reaction time of 36 h at 34°C in the presence o 10 U immobilized lipase using methanol to oil ratio of 1:1 and solvent to oil ratio of 1:0.6. The FAME's production was not influenced by the addition of water up to 20 % (v/v). The immobilized lipase was reusable for six cycles with retaining the relative activity of more than 95 %.
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